Meta-analyses have shown that only about half of biochar addition studies report improved plant growth. To improve yield response, here we describe a decision support tool (DST) for selecting a biochar type and amendment rate to meet soil and crop management goals, based on soil and biochar tests values and crop requirements as reported by regional extension recommendations. Using data from a greenhouse wheat trial, we assessed whether this approach could predict changes in soil chemistry and whether it could identify soils in which amendment would stimulate crop yield. These data indicated that the DST could provide semi-quantitative predictions of biochar amendment rates needed to meet target soil pH levels, with recommended rates averaging 25% higher than were needed. The DST was better at predicting biochar application rates to provision P and K. Across six soil types, post-harvest measurements of extractable-K showed an average 104% recovery of the quantities estimated to be provisioned by conifer wood or wheat straw biochars. Extractable-P recovery averaged 101% in two sandy soils with low P-retention but was considerably lower in four soils with higher P-retention capacity. Greenhouse data also showed that wheat growth improved only when biochar alleviated pH that was substantially below critical thresholds for plant growth, and supported the principle of using crop-specific pH requirements as part of an approach for biochar decision-support. Future field trials that evaluate yield responses in several nutrient-deficient or acidified soils will be needed to provide a robust evaluation of this DST.
Introduction
Despite extensive research on the impacts of biochar on soils and crop productivity, few research-based recommendations have emerged to guide practitioners towards effective selection and use of biochar amendments (Jeffery et al. 2015) . While many studies show improvements in crop production and soil fertility following biochar amendment, several meta-analyses also demonstrate no improvements or declines in crop production in a large fraction of studies (Biederman and Harpole 2013; Jeffery et al. 2011; Spokas et al. 2012) . Over the last decade, there has been considerable progress in identifying the conditions under which biochar amendment is likely to promote growth, and thus there is a need to develop guidelines that growers can use to make management decisions.
The variability in crop responsiveness to biochar amendment has been largely attributed to the diversity in physiochemical properties of biochars (Spokas et al. 2012; Enders et al. 2012) . Recommendations for optimizing agricultural outcomes include producing bespoke biochars customized specifically for desired properties (Crombie et al. 2015; Novak et al. 2009 ), or classifying biochar products based on their inherent properties, to allow users to select among those best suited for purposes such as carbon sequestration, fertility, liming, and increasing soil water holding capacity (Camps-Arbestain et al. 2015) . Common to both of these approaches is an initial assessment of deficiencies and requirements of the soil and cropping system. Recommended assessments to incorporate into a decisionsupport tool include basic soil fertility factors and hydraulic characteristics, as well as crop fertility and pH requirements, irrigation requirements, and sensitivity to salts (Jeffery et al. 2015; Enders et al. 2012) .
This principle of matching biochars to soil deficiencies and crop requirements follows the same agronomic principles as recommending fertilizer and lime application rates to ensure sufficient available nutrients and optimal pH for a specific crop. Because biochar can be a direct source of nutrients and liming activity, it may also be possible to apply existing fertilizer and liming guidelines to determine biochar application rates that are likely to elicit a crop growth response. Camps-Arbestain et al. (2015) laid the groundwork for such an approach by formalizing protocols to determine the lime and fertilizer equivalence of biochars.
It must be noted that biochars have other impacts on soil fertility and crop growth, apart from being a direct source of nutrients and liming activity, which include increased soil cation exchange capacity (CEC; Glaser et al. 2002; Liang et al. 2006) , and improved biological functioning (Thies et al. 2015) . However, there is compelling evidence that the nutrient content and liming activity of biochars are major determinants for whether they elicit plant growth responses, at least in short-term studies of up to 5 years (Liu et al. 2013) . For example, meta-analyses have found some of the largest increases in crop productivity in soils with acidic pH (Jeffery et al. 2015; Liu et al. 2013; Jeffery et al. 2017 ) and with the application of alkaline biochars (Biederman and Harpole 2013) . Additionally, more nutrient-rich feedstocks have translated to greater increases in crop productivity (Jeffery et al. 2015; Liu et al. 2013) . Analyzing a global dataset, Jeffery et al. (2017) found that most improvements in crop yields occurred in tropical soils characterized by low pH, low fertility, and low rates of soil inputs, whereas arable temperate soils characterized by moderate pH and higher fertility had, on average, no improvement in crop yields.
While these studies make a strong case for the role of liming and nutrient fertilization in observed yield stimulation, what has not yet been evaluated is whether biochars' liming and fertility properties can be applied in a predictive manner to estimate biochar amendment rates that will elicit crop growth responses. Much effort has been made to standardize testing methods for biochars (Camps-Arbestain et al. 2015; Singh et al. 2017) , which has provided a basis for comparing the capabilities of different biochars to each other and to soil and crop responses.
The goal of this study was to extend the biochar classification system described by Camps-Arbestain et al. (2015) into a decision-support tool (DST) that converts conventional fertilizer and lime recommendations into biochar amendment rates for major crops in the Pacific Northwest (PNW) of the United States. As a preliminary evaluation of the tool's effectiveness, we compared the tool's predictions of needed biochar application rates to soil chemistry and yield observations from a pot study with winter wheat grown in six Oregon soils with two different biochars. We evaluated whether the tool was able to (1) identify soil environments in which biochar amendment would have a yield-stimulating effect, and (2) accurately predict biochar amendment rates that correct soil pH and nutrient deficiencies.
The effectiveness of this approach for recommending biochar amendment rates depends on several factors, including the quality of the extension recommendations on which it is based, how closely these extension guidelines match the environment and crop varieties being evaluated, the efficacy of biochar test protocols for computing lime and fertilizer equivalents, and whether biochar has other concurrent impacts on soils or plant growth that the DST does not consider. While recommendations for soil amendment application rates would typically be based on yield-response curves generated from experimental trials in deficient soils, the diversity of biochar properties and the large quantities of biochar required for field trials currently make this impractical. Thus, this DST synthesizes existing information on crop responses to conventional lime and fertilizer as a starting point to estimate biochar quantities that may produce a yield response.
In addition to their impacts on soil fertility, biochars have many other demonstrated benefits that may affect crop growth or otherwise enter into a user's decision-making process. For example, biochars can reduce soil nitrogen losses (Nguyen et al. 2017; Zheng et al. 2013) , reduce toxicity from heavy metals and pesticides (Beesley et al. 2011; Park et al. 2011; Phillips et al. 2016; Uchimiya et al. 2010) , and improve water retention (Aller et al. 2017; Obia et al. 2016; Omondi et al. 2016 ). However, for these applications there are not yet established procedures for predicting appropriate amendment rates, apart from conducting trials. While recommending biochar amendment rates based on the quantity of nutrients and liming equivalents they provision does not capture all aspects of biochar impacts, it allows a subset of impacts to be predicted from easily-measured properties of biochar. In addition, as these properties can be tied to crop productivity, this model may serve to reduce barriers to producer adoption of biochar.
Here, we describe the biochar decision support tool and present a greenhouse case study in which we evaluated two hypotheses: (1) crop responses to biochar amendment occur only when the amendment rate alleviates a growth-limiting deficiency revealed by soil testing, and (2) changes in soil nutrient concentrations and pH following biochar amendment are proportional to estimates of available nutrients and CaCO 3 -equivalence of the biochar. This assessment provides a preliminary evaluation of whether biochar yield-stimulating effects can be predicted from the alleviation of growth-limiting pH and fertility conditions.
Materials and methods

Description of the decision-support tool
The DST (available at www.pnwbi ochar .org) guides users through a four-step process that (1) queries the user to identify their soil location and any available soil test data, (2) determines fertility and pH requirements for a selected crop, (3) selects a biochar that meets the user's management needs, and (4) computes amendment rates of the selected biochar to ameliorate growth-limiting fertility factors (Fig. 1 ). The tool is presently based on data for crops common to the PNW, and on soil test methods that are appropriate for this region, and provides data for biochars produced from regionally relevant feedstocks. In addition to computing available nutrients and liming ability of biochars, the tool also computes the amount of long-lived carbon provided by the amendment, based on H:C ratio (Camps-Arbestain et al. 2015) . It also provides qualitative guidelines for users to select biochar types that can ameliorate other soil deficiencies, like low biological activity and limited water retention or infiltration. However, this manuscript focuses on the quantitative aspects of the tool, which estimate amendment rates needed to meet crop nutrient and liming requirements.
The first step of the decision-support process requires users to provide soil test data, emphasizing variables that can be ameliorated with biochar amendment. These include soil carbon concentration, CEC, concentrations of nutrients found in abundance in biochars (including P, K, Ca, Mg, and S), soil pH and buffer index value to determine the soil liming requirement, and soil texture to provide guidance on improving water retention or infiltration. The second step requires users to select a crop from among 40 common vegetable, fruit, grain, or forage crops for which fertility and liming recommendations have been published by Oregon State University, Washington State University, or University of Idaho extension services. The tool queries the most recent recommendations for P, K, Ca, Mg, S, and lime application rates based on the user's geographical region and soil test values.
The third step of the process requires the user to select a type of biochar. We have compiled a database of physiochemical properties for 24 regionally-relevant biochars, based on test methods recommended by the International Biochar Initiative (IBI) and described by Singh et al. (2017) . Our biochar database contains both commercially-and laboratory-produced biochars from wheat straw, soft woods, hard woods, nutshells, and manures. In addition to browsing biochar properties, the user can also select management goals to obtain guided recommendations of the database entries that are best suited for those goals. Examples of management goals include sequestering carbon, increasing soil pH, soil nutrient concentrations, and water infiltration. In contrast, for users applying the tool to a biochar or a biochar-based amendment that is not included in our database, they can provide testing data for the physiochemical properties of the product.
Finally, based on biochar test values from our database or provided by the user, the tool computes the quantities of P, K, Mg, Ca, and S, and liming equivalence (CaCO 3 -eq) that biochar would provide at a range of amendment rates. It also computes the biochar amendment rate needed to meet the nutrient demand or pH requirement of the crop identified in Step 2. Users can choose to use either metric or English system units. For example, the amount of biochar needed to meet a soil's liming requirement (Mg biochar ha −1 ) is computed by multiplying the mass of lime indicated in the extension guidelines (Mg lime ha −1 ) by the CaCO 3 -eq of the biochar (% equivalence/100). The amount of biochar needed to meet a fertilizer requirement (Mg biochar ha −1 ) is computed by multiplying the mass of each nutrient required (kg nutrient ha −1 ) by the concentration of available nutrient in the biochar (kg nutrient Mg −1 biochar).
Physiochemical characterization of biochars
Physiochemical characterization of the biochars included in the database and in the greenhouse study was determined as follows. Available-P was determined using a 2% formic acid extraction (Wang et al. 2012 after Rajan et al. 1992 , and available-K, Ca, Mg, Na, and S were determined using a 1 M HCl extraction (Camps-Arbestain Rayment and Lyons 2011) . Total P, K, Ca, Mg, Na, and S were determined by microwave digestion of 100 mg biochar with 9 mL H 2 O 2 and 1 mL H 2 NO 3 . Microwave digestion was shown in direct comparisons to have similar or greater recoveries than the IBI-recommended dry-ash method following a wet digestion (Singh et al. 2017) . Nutrient concentrations in all extractions and digests were determined using an inductively coupled plasma atomic emission spectrometer (ICP-AES, Perkin-Elmer Optima 4300 DV). CaCO 3 -eq was determined by titration following Rayment and Lyons (2011) . C, N, and H content were determined by combustion-IR (Exeter Analytical, Chelmsford, MA, USA) and pH was measured in a 1:20 biochar-water solution (Camps-Arbestain et al. 2015) . Cation exchange capacity was determined by ammonium acetate displacement following pH adjustment to pH 7 as described by Munera-Echeverri et al. (2018) . Particle size was determined by sieving through 0.5, 1, 2, 4, and 8 mm mesh testing sieves. For the two biochars used in the greenhouse study, bulk density, particle density, total porosity, and pore size distribution were determined by Hg porosimetry on a 160-250 mg sample (Micromeritics Analytical Lab Services, Norcross, GA, USA).
Case-study: greenhouse wheat trial
The effectiveness of the decision support process was evaluated with data from a greenhouse trial that characterized the dose-response of gasified conifer wood (CW) and wheat straw (WS) biochars on soil chemistry and growth of winter wheat (Triticum aestivum L. v. "Louise"). This dataset was not collected for the purpose of testing the DST but was used opportunistically as it provided the relevant biochar and soil test data needed for using the DST. Six soils were evaluated (Table 1 ) that represent a range of textures, parent materials, and climatic conditions from across Oregon. Soils were left unamended or were blended with biochars at rates of 0.5%, 1%, 2% or 4% by mass. To convert biochar concentrations in potted soils to field application rates, we used an equivalence of 1% concentration by mass to 25.6 Mg ha −1 , which assumes biochar incorporation to a furrow slice depth of 17 cm (i.e. pot concentrations were equivalent to 12.8, 25.6, 51.1, and 102 Mg ha −1 ). BioLogical Carbon (Philomath, OR) produced the CW biochar and AgEnergy (Spokane, WA) produced the WS biochar, both using gasification processes. Table 2 shows physiochemical properties of the biochars. Soils were sieved through 2.5-cm mesh to remove rocks and roots, and to break up large soil aggregates. Pre-plant measurements were determined from triplicate samples of each soil type and included concentrations of NO 3 -N and NH 4 -N (collectively referred to as dissolved inorganic nitrogen, DIN) using 2 M KCl extraction of fresh soil followed by colorimetric analysis with a Lachat Autoanalyzer (Quick-Chem FAI 8000, Lachat Corp, Milwaukee, WI, method 12-113-33-1-B), total C content of oven-dried (105 °C for 24 h) ground soil by combustion-IR (LECO CNS analyzer, St. Joseph, MI, USA), and textural analysis of air-dried soil by the hydrometer method (Bouyoucos 1951) .
Individual wheat seeds were planted in 1-L pots, for a total of 60 treatments (6 sites × 2 biochars × 5 amendment rates). Six replicates of each treatment were grown on separate greenhouse benches in a randomized-block design, for a total N = 360 pots. Plants were seeded Feb 24 and harvested July 10-14, 2017, after seed heads had completely ripened. Supplemental LED lights were provided 6 a.m.-10 p.m. and temperatures were maintained at 18-21 °C during the day and 15.5-18 °C at night. Nitrogen (N) fertilizer was applied weekly from the beginning of tillering to head emergence. 15 mg N of UAN solution (45% ammonium nitrate, 35% urea) was applied to each pot, for a total of 105 mg of N per pot throughout the experiment. Plants were watered uniformly as needed, based on a visual evaluation of soil wetness, by applying 100 mL of water to each pot.
Harvested plant tissue and soil samples were dried at 65 °C for 48 h. Post-harvest measurements included dry shoot and seed mass, soil pH (1: 2 H2O ), concentrations of NO 3 -N and NH 4 -N following the same methods described above, and concentrations of extractable P, K, Ca, Mg, and S using a Mehlich III extraction followed by analysis with ICP-AES. Mehlich III was used as a common extraction solution for all the soil types and amendment rates as it is appropriate for slightly acidic to slightly alkaline soils (Elrashidi 2001) . Additionally, because extension phosphorous guidelines are not based on Mehlich III, we also tested the unamended soils using Bray-P and Olsen-P extraction solutions for Western and Eastern Oregon soils, respectively. These results were used to evaluate which unamended soils were P-deficient (Table 3) , and to convert fertilizer recommendations to biochar amendment rates (Table 4 ). Extension guidelines also use different tests for K (ammonium acetate for Western Oregon, and sodium bicarbonate for Eastern Oregon). However, all of the soils tested high for Mehlich III K, and therefore were not tested further. Culman et al. (2019) reported that Mehlich III K is higher than ammonium acetate K by a linearly constant 14%, and even after accounting for this factor all of the soils were K-sufficient (Table 3) .
Liming requirements for the unamended soils (Tables 3, 4) were determined using the Sikora buffer test (Sikora 2006 ) as a substitute for the more hazardous SMP buffer test, which is used as the basis for liming recommendations in Oregon (Anderson et al. 2013; Sullivan et al. 2013) . We converted Sikora to SMP test values using the relationship 
Data analysis
The amount of biochar needed for the CALA and NWREC soils to meet pH 5.6 was determined for comparison to the amount recommended by the decision support tool. Each biochar-soil combination was fitted with either a linear or binomial regression model of amendment rate versus soil pH, using Aikake's Information Criterion as the basis for model selection. The observed liming requirement was defined as the fitted value at pH 5.6 (± 95% CI).
To evaluate whether plant growth and nutrient concentrations were significantly affected by biochar amendment, we used a linear mixed-effects model that included site, biochar type, and biochar amendment rate as fixed effects, and greenhouse bench (block) as a random effect. These empirical relationships between available nutrients and amendment rate were also compared to the theoretical amounts of available nutrients applied in biochar. The quantities of available nutrients applied in biochar were computed by multiplying the mass concentration of biochar (g g −1 ) by the concentration of available nutrients in the biochar (mg kg −1 ). It should be noted that available nutrient concentrations in soil were determined by Mehlich III extraction, whereas available nutrient concentrations in biochar were determined by 2% formic acid extraction for P, and by 1 M HCl extraction for K. This comparison thus assessed whether methods for evaluating biochar nutrient availability also predicted the increase in agronomic soil test values.
Further testing of whether plant growth improved when pH and nutrient deficiencies were ameliorated focused on individual sites with deficiencies. For these tests, aboveground biomass and yield were analyzed using one-way analysis-of-variance (ANOVA) with multiple post hoc comparisons, as suggested by Mangiafico (2015) . The one-way ANOVA was used to model biomass as a function of the ten individual treatments, and then the treatments were grouped using contrasts for post hoc tests. The first post hoc test compared all the treatments in which soil pH or available-P were above fertilization and liming thresholds to unamended treatments, and the second test compared all the treatments with average test values equal at or above thresholds to those treatments with test values below thresholds. These comparisons were analyzed as single-degree contrasts with a Šidák adjustment to correct p-values for multiple tests.
Finally, an emergent relationship between shoot biomass and soil pH at NWREC was analyzed as linear mixed model with block as a random effect. All analyses were performed in R (Development Core Team 2018), using the nlme package for mixed models (Siem and Van Willigen 2018) , and the lsmeans and emmeans packages for contrasts.
Results and discussion
Recommendations of the decision support tool
The first step of the DST is to provide soil test values for comparison to extension recommendations. For this trial, post-harvest nutrient concentrations of unamended soils were used for comparison (N = 12 for each soil). Three of the six soils were found to require soil amendment (Table 3 ). The CALA and NWREC soils both had soil pH below recommended levels for the production of winter wheat, while the CALA and KBREC soils had P test values below thresholds recommend for fertilizing. Both of the soils requiring P fertilization were considered to be only mildly P-deficient, and only the NWREC soil had a pH low enough (5.0) to be considered injurious for plant growth. All six soils were found to have K test values above thresholds for fertilizing (Table 3) . Mg, S and Ca sufficiency were not evaluated as they have not been found to stimulate wheat yield , and several of the fertilizer guides lacked soil test-based recommendations. In step two, extension publications were used to translate the test values to amendment requirements for lime and P fertilizer (Table 4 ). In step three, CaCO 3 -eq and formic acid-extractable P content of the biochars (Table 2) were obtained to translate lime and fertilizer requirements into equivalent CW or WS amendment rates. The WS biochar had both higher CaCO 3 -eq and extractable-P contents and therefore could substitute for lime and fertilizer more efficiently than the CW biochar. In step four, these equivalencies translated to recommended applications of up to 1.5% WS or 2.8% CW to meet the NWREC lime requirement, with lower rates needed to meet the requirements in other soils ( Table 4 ). All of the recommended amendment rates were within the 0-4% by mass range examined in the greenhouse trial. Subsequent analyses investigated whether biochar additions changed soil pH and P as anticipated by the DST, whether plant growth improved when soil deficiencies were ameliorated, and how plant growth was impacted by biochar when no deficiencies were indicated.
Soil chemistry
In all soil types, pH increased with biochar amendment rate, following either a linear or curvilinear relationship ( Fig. 2a ). When the CALA and NWREC soils were amended with WS, the amount of biochar recommended by the DST to increase soil pH to 5.6 was equal to the upper 95% confidence limit of the observed requirement (1.3% for CALA and 1.5% for NWREC, Fig. 2b ). When CW biochar was applied, the observed requirement for CALA was lower than the DST recommendation, while the observed requirement for NWREC was above the DST recommendation (Fig. 2b) . On a relative basis, the DST's recommended application rates were 96-153% of the observed requirements across the four soil-biochar combinations. The DST's poorer prediction of CW than WS liming rates may reflect the fact that the composition of the CW biochar had more heterogeneous CaCO 3 -eq. CaCO 3 -eq measurements of CW were much more variable than for WS, as indicated by a higher standard deviation despite more replicate measurements (Table 2) .
It is relevant to consider that even small deviations between observed lime requirements and the DST recommendations on a percent mass basis translate to large differences on a Mg ha −1 basis (Fig. 2a) . For instance, a difference of only 0.1% between recommended and needed biochar amendment translates to 2.56 Mg ha −1 , which represents a large and costly quantity of biochar on a field basis. In 2014, wholesale biochar costs in the United States were estimated at $1500 Mg −1 (Jirka and Tomlinson 2015) , which translates a 0.1% amendment discrepancy to $3840 ha −1 . However, estimates of liming requirement have several inherent sources of uncertainty, which are magnified when biochars with low CaCO 3 -eq are considered for the liming material. Uncertainties in liming requirement can arise from sampling challenges in stratified or patchy soils, limited analytical replication in soil testing laboratories, and in the interpretation of test values for soil types with differing buffering capacity (Horneck et al. 2011) . For instance, each 0.1 unit increase in SMP buffer pH increases the liming recommendation for Western OR soils by approximately 0.9 Mg ha −1 CaCO 3 , which when divided by the CaCO 3 -eq of the biochars equates to 14 Mg ha −1 CW or 6.2 Mg ha −1 WS biochar. Uncertainty in SMP buffer values and their interpretation, coupled with low and uncertain biochar CaCO 3 -eq, and potential batch-to-batch variability for a single type of biochar, produces considerable uncertainty in predicting appropriate biochar application rates for liming.
Phosphorous additions through biochar application had no discernable impact on post-harvest available-P concentrations in the CALA, COARC or CPCRC soils (Fig. 3) . In the NWREC soil, additions of WS biochar actually decreased available-P concentrations (slope = − 10.2 mg kg −1 P for each 1% increase in biochar, ± 2.9 SE). Available-P concentrations only increased significantly in the two sandy soils: HAREC (a single slope of 7.5 ± 2.0 fit both WS and CW) and KBREC (WS slope = 7.5 ± 2.9, CW slope = 0.85 ± 2.0). When expected available-P concentrations were calculated for the HAREC and KBREC treatments, based on the available-P concentrations of each biochar and their amendment rates, these expected values fell within the 95% confidence intervals for every treatment mean. The recovery of available-P, calculated by dividing each treatment mean by the expected concentration, ranged from 78% to 124% and averaged to 101% across the HAREC and KBREC treatments, indicating almost perfect recovery of biochar available-P in the sandy soils (Fig. 3) .
The variable responses of the six soil types to additions of biochar-P likely reflect differences in P-retention capacities. Fig. 2 Greenhouse study post-harvest soil pH. a Curves show best model fit (linear or binomial) characterizing liming response. Liming is recommended for winter wheat when pH is below 5.5, which is indicated by the horizontal grey line. b Observed biochar amendment rates needed to reach pH 5.6 (bars ± 95% CI) in comparison to rates recommended by the DST (dashed lines)
The factors that control P-retention are complex, but soils with high clay content and mineralogy rich in Fe and Al oxides are known to have a high capacity to fix P in insoluble forms (Dean 1949) . The HAREC and KBREC soils had the least clay (< 6%), while the NWREC and CPCRC soils were intermediate (7%-9% clay), and the CALA and COARC soils had the most (> 18%, Table 1 ). Additionally, for the COARC and CPCRC soils, the increase in pH from approximately 6-8 at the highest WS amendment rate may have facilitated P-retention, as the formation of calcium phosphates sometimes occurs in this pH range (Johnston et al. 2014) . The biochars' liming impacts are unlikely to explain P-retention in the CALA or NWREC soils as pH increases in the range of 5-7 are typically associated with increased P-solubility (Dean 1949) .
We also evaluated whether plant consumption of added P could explain the inconsistent soil response. However, aboveground biomass did not increase with biochar amendment rate in any of the soils (described below), and plant accumulation is difficult to test because mature winter wheat plants do not typically have higher tissue P concentrations even when fertilized (Raun 1982; Sullivan 1981) . Overall, these results showed that soil test values for available-P did not increase significantly at the amendment rates recommended by the DST for CALA (1.4% WS or 2% CW, Table 4 ) and COARC soils (0.7% WS or 1% CW), but they also suggest high levels of P-retention in these soils that make it more difficult to recover applied P. In the sandy KBREC soil, adding 1% biochar, or close to the DST recommended quantities of 0.7% WS or 1% CW, significantly increased soil available-P with WS addition but not with CW addition. It should be noted that soil P-fixation and poor correlation between soil availability and tissue P concentrations make it inherently challenging to predict the nutrient bioavailability of P-containing materials. For instance, the formic acid method recommended for determining biochar P-availability was evaluated using a sandy soil with low phosphorous fixation capacity under greenhouse conditions (Wang et al. 2012) . Even in these ideal conditions, plant recovery of P added in biochar varied from 16% to 93%.
To further evaluate the efficacy of the DST calculations, we also examined the dynamics of available-K, which was provisioned in large quantities by the WS biochar (> 3% by mass, Table 2 ). In all soils, post-harvest available-K increased substantially with WS but not with CW amendment, consistent with their relative abundance in the biochars (Fig. 4) . For CALA and HAREC, expected available-K concentrations consistently fell within the 95% CI intervals of treatment means, and calculated recoveries ranged from 60% to 140%, averaging 97% across all treatments. For the other soils, recovery of WS but not CW available-K were consistently lower than observed values. Calculated recoveries of WS available-K were 111%-136% across the COARC, CPCRC, KBREC, and NWREC soils, but recoveries of CW available-K were 82%-108%. The reasons for this higherthan-expected recovery are unknown but may indicate that the 1 M HCl extraction used to determine biochar available-K is less efficient at high K concentrations than the Mehlich III extraction. Across all the amended treatments in all six soils, recovery of available-K ranged from 60% to 142% and averaged 104%.
Overall, these soil chemistry results support the hypothesis that changes in soil nutrient concentrations and pH following biochar amendment are proportional to calculated quantities of available nutrients and CaCO 3 -equivalents provisioned by the applied biochars. Although several challenges to making accurate predictions of liming requirement were discussed, for the four soil-biochar combinations examined here the observed liming requirements averaged only 25% more than DST's recommendations. Measured available-P in two sandy soils and available-K values in all six soils were largely consistent with applied quantities, and percent recoveries averaged close to 100% across treatments. The exception of low phosphorous recovery in four of the soil types was consistent with higher clay contents, which is known to cause P-fixation (Johnston et al. 2014) . Collectively, these results indicate that the DST can be used for semi-quantitative determination of biochar application rates needed to provision P and K and reach target soil pH levels.
However, our results also do not rule out the possibility that biochar has relevant impacts not accounted for by the simplistic budgeting approach of the DST. For instance, two processes not yet accounted for that may improve the DST's predictive ability are the potential impacts of biochar with high CEC on soil buffering capacity, and interactions between biochar liming and P-availability. In addition, increased microbial activity in soil, and in particular the symbiotic relationship between plants and arbuscular mycorrhizal fungi that can be facilitated by biochar application and can increase P uptake by crops (Solaiman et al. 2019; Vanek and Lehmann 2015) , cannot be quantified by the DST. The long-term soil benefits of increased soil carbon and potential alteration of microbial activity that may follow may be realized in a longer-term production grower field (Solaiman et al. 2010 ).
Plant growth
A linear model of shoot biomass indicated no impact of biochar amendment rate for any of the soil types (Fig. 5 ). Analysis of seed yields produced nearly identical results and therefore are not shown. Despite the lack of biochar impacts generally, for the NWREC soil specifically, biochar treatments with average soil pH ≥ 5.5 did have significantly higher shoot biomass than unamended soil. For example, when the 1%-4% WS and 4% CW treatments were pooled (mean pH 5.51) and compared to unamended NWREC soil (mean pH = 4.95), the growth improvement amounted to 2.1 g in shoot biomass per pot (p = 0.0006). Similarly, a comparison between all NWREC treatments with average pH ≥ 5.5 and all treatments with pH < 5.5 (mean pH = 5.16) indicated a 1.3 g increase in shoot biomass per pot (p = 0.004). When all the NWREC treatments were evaluated in a regression of shoot biomass versus postharvest pH, a significant correlation was found (slope = 1.7, p < 0.001, Fig. 6 ), albeit with low explanatory power (R 2 for fixed effects = 0.25). Previous research on acidic soils in Western Oregon has shown declines in wheat grain yields only at soil pH below 5.4 . For the NWREC samples, however, a significant correlation with a similar slope extended to the subset of pots with pH > 5.4 (slope = 1.8, p = 0.02).
In contrast, shoot biomass did not increase in the CALA soils when pH was ≥ 5.5. When the 1%-4% CW and 1%-4% WS treatments were pooled (mean pH = 5.58) and compared to either unamended soil (mean pH = 5.42), or to the unamended soil plus 0.5% amendment rates (mean pH = 5.46), no significant changes in shoot biomass were indicated. Similarly, no improvement in shoot biomass was detected when the treatments providing the recommended amount or more phosphorous were pooled (2%-4% WS and 2%-4% CW) and compared to unamended soil (p = 0.7). In the KBREC soil, which also required P-fertilization, no growth increases were detected when biochar was applied at rates providing the recommended amount or more phosphorous (1% WS and 1% CW). It should be noted that biochar amendment rates that increased soil pH > 7.5 were not considered owing to the fact that high pH could cause micronutrient deficiencies.
There are several possible explanations for why biochar had a yield-stimulating effect in NWREC soil but not in other soils. One explanation is that the pH of the NWREC soil was much lower than recommendations, and therefore amendment was more likely to cause yield-stimulation than in the other soils with comparatively minor deficiencies (Horneck et al. 2011 ). Both of the P-deficient soils required the lowest application rate recommended by the fertilizer guides, and guides generally provide a buffer so that fertilization is recommended at higher test values than where yield reductions are observed. A second possibility particular to the CALA soil is that yields in the unamended treatment were already relatively high, and therefore unlikely to increase substantially with small improvements in pH and available-P. Biomass yield levels differed among soils, indicating different inherent productivity among the soil types ( Fig. 6) . Across all the biochar treatments, CALA soils produced the highest wheat biomass of any soil type.
These results provided evidence that the yield stimulating effects of biochars were related primarily to their liming action, which is consistent with broad trends that have been identified across biochar trials generally (Jeffery et al. 2015; Liu et al. 2013; Jeffery et al. 2017) . Yield stimulation was observed when pH was far below optimal conditions, but not when acidity was marginal or within optimal ranges. The impacts of biochar fertility on yield stimulation could not be fully evaluated, as none of the soils were strongly deficient in nutrients provisioned by biochar. However, these results do confirm that no yield stimulation occurred when soil nutrients and pH were within recommended ranges for crop growth. These results support the fundamental premise of the DST, of recommending biochar application rates to improve yields on the basis of ameliorating pH and nutrient deficiencies.
While soil pH, and to a lesser extent nutrient deficiency, were both useful for evaluating whether crop growth would respond to biochar amendment, this does not mean that biochar is merely a replacement for conventional fertilizer and lime. For instance, Phillips et al. (2018) reported that in a direct comparison between biochar and hydrated lime in a field trial in Washington State, biochar had a more positive impact on plant growth for the same increase in soil pH. The cause of the additional benefit from biochar could not be determined definitively but may be related to observed increases in soil moisture and changes in the soil microbial community. This finding underscores the fact that biochar is a complex material with both biochemical and physical impacts.
Conclusions
A decision support tool was described that recommends biochar amendment rates in part on the principle of meeting nutrient and pH sufficiency for crop growth. A greenhouse dataset showed that the tool can partially identify conditions under which a biochar amendment is likely to have yieldstimulating effects and that in several soil types the tool can provide semi-quantitative estimates of biochar amendment rates needed to ameliorate low soil nutrient concentrations and pH. Future work should evaluate the tool with a broader range of nutrient-deficiencient soils and with a larger number of biochars, to fully ascertain whether the tool can provide reliable predictions of yield stimulation. Future work should also evaluate the DST in field studies, in which complications such as migration of biochar over time and mismatch between where biochar is incorporated and rooting depth could alter the efficacy of biochar.
Our greenhouse dataset showed that changes in soil pH and nutrient concentrations were generally proportional to the available nutrients and CaCO 3 -eq of biochars. However, they did not rule out the possibility of some other effects of biochars on nutrient availability, such as impacts on CEC, soil water content, or interactions between liming effects and nutrient concentrations, which are not accounted for by a simplistic budgeting approach. Nutrient availability from any soil amendment is additionally influenced by the soil environment to which amendments are added, management practices, and plant uptake efficiency. Therefore, while it may be possible to reasonably estimate available nutrients in biochar when they are very concentrated (as for K, Fig. 6 ), accounting for less abundant nutrients is inherently more imprecise. We did find, however, that incorporating regional extension information on critical threshold pH levels was useful for predicting crop responses, and is thus a valuable component of a biochar decision-support tool. We recommend biochar testing for nutrient abundance and CaCO 3 -eq as an important starting point for evaluating whether a biochar is well-matched to soil and crop needs, and for assessing the likelihood that application will have yield-stimulating effects.
